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As man-made satellites grow continually smaller and smaller, new, lower mass, volume, 
and power solutions must be devised to give these satellites the same performance 
capabilities as larger satellites. One subsystem that is especially difficult to shrink is the 
Attitude Determination and Control System (ADACS), which is used to position the satellite 
in a given orientation with respect to a specific reference frame. This paper explores a novel 
mechanism which combines both of these functions into one device. A permanent magnet is 
used in conjunction with the geomagnetic reference frame to provide magnetic torque to 
change the spacecraft’s attitude. By gimbaling the magnet, any desired attitude may be 
achieved. Experiments run in a simulated environment (air table) have been used to test the 
effectiveness of this technique and the results are used to provide the design parameters for a 
space qualified system for CubeSats. 
I. Introduction 
ince the second-half of last century, man-made satellites have been used to perform a multitude of tasks, from 
scientific research, to surveillance, to communication. During the past decade, very small satellites have been 
developed and launched that have masses around 1 kilogram and length scale on the order of decimeters (1-10 kg = 
“nano-satellites”; 0.1-1 kg = “pico-satellites”).1 There are many benefits associated with satellites of this scale, such 
as development cost and time, launch cost, and the potential for mass production when compared to conventional 
satellites (typically on the order of 100 kg). Their small size and weight also makes them ideal for many specialized 
applications which are unsuitable for larger satellites, such as large scale formation flights, and deployable by a large 
range of launch vehicles.
1
  
One very common class of small satellites is the “CubeSat”. This satellite standard was developed to create 
launch opportunities for universities by utilizing a standard flight deployment system that can be carried aboard a 
launch vehicle as a secondary or tertiary payload. CubeSats are cube-shaped and constrained to body dimensions of 
10 centimeters per side and a maximum mass of 1.33 kilograms for a “1U” satellite.* A 2U CubeSat is exactly the 
same size and mass as two 1U satellites stacked together, and the same principle follows for a 3U satellite (see 
Figure 1).   
Because a CubeSat is a hitchhiker, it settles for the orbit that is dictated by the primary payload(s). Thus, it is very 
desirable to give these satellites the ability of performing orbital maneuvers, especially for scientific research 
requiring specific spatial measurements. Due to their size, 1kg-class satellites currently in space do not have any 
mechanism that allows them to change orbits.
1
 Research in microthrusters to provide this capability is being done by 
others at the University of Arkansas. To perform orbital maneuvers, a microthruster must be used in conjunction 
with an Attitude Determination and Control System (ADACS). Some current CubeSats do possess limited means of 
attitude control, such as magnetorquers (electro-magnets) and/or inertial wheels.
1
 Both of these methods require 
continuous power to operate, which is limited on a satellite of this scale. Typically, a 1U CubeSat can expect a total 
power budget of only 2-4 watts continuously.  In addition, some means of attitude determination (sensing) is also 
required to provide feedback to the attitude control system. The most accurate angular sensing solution is the use of 
a star tracker
2
, but the required hardware is large (~1/2U to 1U), power hungry due to intensive image-processing, 
                                                          
*
 CubeSat Home, http://www.cubesat.calpoly.edu 
S 
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and expensive (~$300k).  A more practical but lower accuracy solution (~2 degree resolution) is to use solid-state 
magnetometers in conjunction with sun and/or earth sensors.
3
  
 A new solution that combines both ADACS functions in a single device is the use of a gimbaled permanent 
magnet to accomplish both tasks in one fairly simple system. Such a mechanism uses the earth’s magnetic field to 
provide magnetic torque to change a spacecraft’s attitude. A 2-axis gimbal allows the poles of a permanent magnet 
to be positioned in any orientation, and power is only required to rotate the gimbal to the desired position, and may 
then be shut off. Also, a permanent magnet has, in general, a higher magnetization density than an electromagnet, 
allowing a smaller device than a magnetorquer to be built.
4
 The long-term average magnetic field of earth is known, 
and because of this no separate means of attitude determination is necessary. As these values will vary, this method 
does give somewhat rough attitude control. However, with advances in technology used to measure earth’s magnetic 
field, the model will improve over time, giving more precise results from a permanent magnet-based system. 
Because this approach combines attitude control and determination into one device, the design efficiency is 
improved. This is very important for small satellites where space and mass are at a premium. Use of this attitude 
control system coupled with microthrusters will allow a CubeSat to perform orbital maneuvers with much more 
freedom than fixed magnets can afford.  
 One possible satellite that could benefit from such a system is the RAMPART CubeSat (see Figure 2). This 
satellite will be used to demonstrate a new microthruster design from UA and uses a fixed permanent magnet to 
provide a known attitude for thrusting at the magnetic equator.
5
 Future versions of similar satellites could offer 
greater flexibility for orbital maneuvers by utilizing a gimbaled permanent magnet. 
 




Figure 2 – Deployed RAMPART 2U 
CubeSat
5 
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II. Mechanism Design and Testing 
In order to test the feasibility of a gimbaled permanent magnet system, a non-space-rated system was designed for 
testing in a simulated environment to characterize the response of this system. This research is considered to be 
basic space hardware research with Technology Readiness Level of 2-3, thus the suitability for the space 
environment is not being considered even though the overall design does not violate the possibility of being space 
qualified. 
A. Testing Environment 
To simulate a free-floating satellite, all testing was carried out on an air table (see Figure 3). Mounting the 
gimbal hardware on a thin glass disk allows the entire system to move and rotate freely, assuming that the table 
surface is flat and horizontal.  
 
 
Figure 3 – Air Table used during experimentation 
B. Stationary Magnet Holder 
Initially, to observe the basic characteristics of a rotating magnet system and to determine the magnet size 
necessary to achieve a significant response, a stationary setup capable of holding up to 6 small magnets was 
designed. The magnets are cylindrical neodymium magnets and are 1/16 inch thick with a 3/16 inch diameter. The 
stand was made of ABS plastic using a 3D printer and mounted on a 4 inch diameter glass disk (shown in Figure 4). 
This setup was tested on the air table with different numbers of magnets, and was observed to slowly align itself 
with earth’s magnetic north pole with little oscillation. An even more dramatic response was observed by placing a 2 
inch x 0.5 inch x 0.25 inch neodymium bar magnet along the perimeter of the air table. 
 
 
Figure 4 – Stationary magnet holder 
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C. Gimbal 1.0 
The next step in the process was to design and implement a simplified mechanism capable of turning a magnet 
about 2 axes (gimbal 1.0). This device uses two sub-micro class servomotors (Cirrus P-CS101/STD) to turn the 
gimbals and a single cylindrical neodymium magnet of the same size as the ones used with the stationary setup. The 
off-the-shelf servomotors have a limited rotational range (about 50 degrees) and are therefore unsuitable for the final 
design, but provided a simple means of investigating the necessary mechanical design without the need for custom 
feedback and control circuitry. The parts for this gimbal were again manufactured with a 3D printer. To control the 
two servomotors, a standard model aircraft transmitter/receiver (Airtronics VG400/Airtronics 92777/72) was used 
along with a small 5-cell NiCad battery pack. Once all this hardware had been amassed, the physical size was too 
large for the available glass disk, so a 7 inch diameter disk was cut from 1/16 inch aluminum for use as a base.  
 When testing this mechanism, it was found that the small onboard magnet along with high device weight 
gave it poor response characteristics. In addition, the large size of the base plate and lack of radial balance 
introduced an unacceptably large amount of oscillation before the system settled in a new orientation. However, the 
mechanical lessons learned from gimbal 1.0 proved valuable to the design of the second-generation mechanism. 
 
 
Figure 5 - Preliminary gimbal design (gimbal 1.0) 
D. Gimbal 2.0 
The final gimbal design (gimbal 2.0) is a result of lessons learned from the previous two configurations. In this 
design, a high emphasis was placed on weight and size reduction to eliminate unbalance problems experienced with 
gimbal 1.0. The onboard magnet for gimbal 2.0 was selected to be two cylindrical neodymium magnets 1/8 inch 
thick with 1/4 inch diameter.  
 
1. Motor Selection 
In order to eliminate limitations on the available range of rotary motion, motors were extracted from two Cirrus 
CS-21 BB micro servos. A single gear was also salvaged from the servomotors and used to give each gimbal axis a 
16:3 gear ratio between the motor and output shafts.  
 
2. Optical Encoder Design 
 The accuracy of an ADACS based on a gimbaled permanent magnet is defined in part by the accuracy 
associated with the mechanical positioning of the magnet itself. For gimbal 2.0, optical encoders were selected to 
provide positional feedback to each of the two motors. Encoders provide much higher resolution and lower noise in 
positioning than the potentiometers originally integrated with the servos, as well as having an unlimited range of 
motion. An optical encoder operates by moving a pattern of transparent areas and dark areas between a light source 
and photodetector, producing a series of electrical pulses.
6
 To determine the direction of shaft rotation, two light 
source/photodetector pairs are needed. By arranging the two pairs such that their signals will be in quadrature (90 
degree phase shifted), the leading channel can be determined and the direction of rotation can be deduced.
6
 For 
gimbal 2.0, photomicrosensors containing 2 source/detector pairs (Omron EE-SX1131) are employed. Originally, 
code disks were manufactured using an inkjet printer and standard transparency film. These code disks had 36 
“windows”, each with a width of 0.3 millimeters at the working diameter.  Unfortunately, when tested these disks 
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did not provide sufficient blocking between the light source and detector, resulting in a poor output signal difficult 
for a computer to interpret. This is likely due to the disks being extremely thin with very fine resolution, which 
allowed light to “leak” in from the sides of the photodetector. A second pair of code disks was manufactured using 
the 3D printer. These disks are 0.04 inches thick with an outer diameter of 0.4 inches, and they have 10 windows 
with a width of 1.1 millimeters at the working diameter. A 3D printed code disk is shown in Figure 6. Each encoder 
gives 10 pulses per revolution; therefore each pulse corresponds to 36 degrees of rotation. For gimbal 2.0, the 
encoders are affixed to the motor shafts, giving an even higher resolution for the output shafts due to gearing. Each 




Figure 6 – 3D printed encoder code disk 
 
3. Structural Design 
Structural elements for gimbal 2.0 were again manufactured using a 3D printer. Because weight reduction was a 
key element of the gimbal’s design, each dimension of the structure was analyzed and minimized. In order to reduce 
the torque required of the two motors, 3/64 inch diameter shafts and tiny ball bearings are used for each rotating 
element. A 3D CAD model and 2-view drawing of gimbal 2.0 are shown in Figure 7, and the final product is shown 
in Figure 8. 
 
 
Figure 7 Gimbal 2.0 mechanical layout and dimensions (dimensions given in inches) 
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Figure 8 – Gimbal 2.0 
4. Feedback/Control System Design 
Electronic control circuitry was devised to allow wireless control of the gimbal. A computer is used to input the 
desired angular position of the magnet using the NI LabVIEW environment, which is then encoded by a PIC 
microcontroller and uplinked to the floating apparatus via a 433 MHz RF transmitter/receiver (Linx TXM-916-
ES/RXM-916-ES, see Fig. 9). Onboard the floating disk a second PIC microcontroller receives the position code and 
directs the necessary motor inputs based on feedback information it receives from the encoders. All equipment on 
the floating disk is powered by a 3.7 Volt LiPo battery (Plantraco LP170, see Figure 9). An overall system diagram 
is given in Figure 10, and gimbal 2.0 undergoing initial electronic testing is shown in Figure 11.  
Figure 9 – Linx RF receiver/transmitter (left) and Plantraco battery (right) 
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Figure 10 – Overall diagram of positional feedback/control system 
 
 
Figure 11 – Gimbal 2.0 undergoing electronics testing 
In this design, motor and encoder B are hard-wired to the microcontroller. This limits the rotational range of 
motor A to approximately 1 revolution, as the wires would become tangled from continuous rotation. This problem 
could be addressed by adding another short-range wireless link (likely infrared) and utilizing the two metal shafts 
that provide rotation of the inner ring as power terminals. This feature was deemed unnecessary for this 
experimental gimbal, but could easily be added to future versions.  
Due to delays experienced with the optical encoders, the electronics were never fully integrated and 
programmed. However, the planned system could easily be implemented in future work. 
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E. Experimental Setup 
The air table described earlier was utilized for all experimental testing of gimbal 2.0. Neodymium bar magnets (2 
inch x 0.5 inch x 0.25 inch) were placed on two sides of the table to create a uniform, unidirectional magnetic field 













III. Data and Analysis 
Although full experimental data for gimbal 2.0 is not available, predictive analysis is possible and is presented in 
the following sections along with preliminary data. 
A. Table Leveling 
Because the gimbal mechanism “floats” on the table surface with negligible friction, any slight angle of the table 
surface will cause the device to accelerate toward the edge of the table, making experimentation difficult. Thus, 
proper leveling of the table surface is critical. The acceleration experienced by the floating device, as well as the 
velocity at which it would be traveling when it reaches the edge of the table for both length and width dimensions, 
have been analyzed and are presented in Figure 13. 
 
 
Figure 13  – Acceleration and velocity experienced by a floating device on a non-level air table 
bar magnets gimbal 
Figure 12 – Experimental layout (dimensions given in inches) 
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B. Motor Characterization 
Information regarding the current consumption of the two electric motors used on gimbal 2.0 is required to 
devise the control algorithms. Measurements were made of the running current and stall current of the motor at 
various supply voltages. These values are shown in Figure 14. As expected, the running current stays fairly constant 
over the voltages tested while the stall current increases with voltage. 
 
 
Figure 14 – Motor running current and stall current measurements 
C. Optical Encoder Characterization 
Tests were run to evaluate the working characteristics of the optical encoder and 3D printed code disk. Figure 15 
shows a sample of signal outputs from both photodetectors.  
 
 
Figure 15 – Optical encoder output signal 
This test showes that the 3D printed code disk provides fairly square waves, which are desirable, and that the two 
signals are in quadrature (as planned). The encoder outputs were sampled at 100 kilohertz, so Figure 15 shows only 
0.001 seconds of data. This sample rate was selected to correspond to the encoder response time, which is a function 
of the load resistance in the photodetector circuit. Figure 18 shows manufacturer’s data regarding this response time. 
The load resistance utilized in testing was 1 kilo ohm, giving a response time of 10 microseconds, which 
corresponds to the 100 kilohertz sample rate used.  
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Figure 16 – Encoder response time characteristics† 
D. Theoretical Analysis of Gimbal 2.0 in Space 
In analyzing the performance of a gimbaled permanent magnet similar to gimbal 2.0 in space, basic calculations 
can be used to predict the rotational acceleration of a CubeSat due to magnetic torque. Magnetic torque, τ, is a 
function of two things: the magnetic dipole moment, m, of the permanent magnet and the field strength, B, of the 





  (1) 
The dipole moment, m, of a permanent magnet is found using equation 2.
7
 
 MVm   (2) 
In this equation, M is the magnetization density of the permanent magnet and V is its volume. The neodymium 
magnet onboard gimbal 2.0 has a magnetization density of 1.02 x 10
6





giving a magnetic dipole moment of 0.820 A*m
2
. For low earth orbit cases being considered in this research 
(altitude of 300-2000 kilometers), the geomagnetic field strength is relatively close to the field strength at the earth’s 
surface, 50 microteslas (on average).
8
 Because the magnetic dipole moment and the geomagnetic field strength are 
being considered constants, the magnetic torque experienced varies only with the angle between the dipole and the 
external field. This variation is shown in Figure 17.  
 
                                                          
†
 Omron EE-SX1131 datasheet 
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Figure 17 - Magnetic torque of gimbal 2.0 in low earth orbit as a function of angle between magnet and 
external field 
 Magnetic torque is at its maximum when the relative angle is 90 degrees. For gimbal 2.0, the maximum torque 
value is 4.10 x 10
-5
 N*m. If gimbal 2.0 was flown in space, a control algorithm could be implemented that rotated 
the gimbal at the same rate as the satellite was assumed to rotate, thereby keeping the magnetic dipole at 90 degrees 
relative to the geomagnetic field and maintaining the maximum torque for quicker positional adjustments. The 
angular acceleration caused by magnetic torque is found using equation 3.
9 
 I   (3) 
In this equation, α is angular acceleration and I is the moment of inertia of the body about a centroidal axis. If we 
assume the satellite is an evenly-distributed cube with 10 centimeter sides and a mass of 1.33 kilogram, its moment 
of inertia about any of the three principle axes (defined as normal to the sides of the cube with the origin at the 
center of the cube) is 0.0133 kg*m
2
. This value and the maximum torque value give a maximum angular 




. If the magnetic torque is held constant, the angular acceleration remains constant, 
and the time to turn the satellite by a specified angle is found using equation 4.
9
 
 2t  (4) 
The time to turn versus desired turn angle for a CubeSat using gimbal 2.0 is shown in Figure 18.  
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Figure 18 – Time required for a satellite using gimbal 2.0 to rotate by a desired angle 
IV. Future Work 
The mechanical components of gimbal 2.0 have been completed and its encoders have been tested satisfactorily. 
To continue investigating this device, the next step would be to fully implement the feedback/control system. The 
design for this system has been created and all required hardware has been acquired, making implementation fairly 
straightforward. To fully determine gimbal 2.0’s working characteristics, further testing should be performed. A 
good method is to use an overhead-mounted digital video camera to record video of the moving gimbal, and  then 
use National Instruments NI Vision software to determine the angular acceleration of the apparatus due to magnetic 
torque and also to the amount of “jitter” in the system as the satellite reaches the desired orientation and stabilizes.10 
These measured values could then be compared to theoretical values to increase understanding of the device’s 
behavior.  
V. Conclusion 
Gimbal 2.0 has demonstrated a fully-functional mechanical system and its encoder design has been verified. 
Theoretical values and visual testing indicate that a mechanism of this design is feasible and will provide a CubeSat 
with much greater ADACS capabilities than are currently available. The theoretical minimum time to rotate a 
satellite by 180 degrees is less than one minute, which is more than adequate for a small, inexpensive satellite. The 
theoretical rotation time will increase as factors such as satellite oscillation and variation in the geomagnetic field 
are taken into account, but this design undoubtedly offers a large improvement over any current CubeSat ADACS 
technology. 
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